INTRODUCTION
The Cape mountain zebra (Equus zebra zebra) is among the most endangered mammals in South Africa and the world (Penzhorn 1979; Penzhorn & Novellie 1991; Novellie et al. 2002) . Cape mountain zebra populations in South Africa have multiplied from the brink of extinction in the 1930s (Bigalke 1952) to reach levels of around 1600 animals by 2004 (Friedman & Daly 2004) . All South African Cape mountain zebras are descended from no more than 30 individuals originating from three populations: from the Mountain Zebra National Park (MZNP) , and the Kammanassie and Gamka Mountain Nature Reserves (Bigalke 1952) . MZNP was established in 1937 near Cradock, with a founder population of five stallions and one mare. Most extant stock is derived from the few animals that survived and thrived in the Cradock region, specifically within the MZNP and were later translocated to form new populations (Penzhorn 1988) . The population at MZNP is currently maintained at around 300 to 400 animals and as many as 40 zebras are removed annually to reestablish breeding herds elsewhere within their original range (Penzhorn & Novellie 1993) . Animals have been translocated to a multitude of places, including six national parks, 10 provincial and 17 private reserves (Novellie et al. 1996; 2002) . Disease outbreaks (Marais et al. 2007 ) and low inbreeding levels (Moodley 2002; Sasidharan 2004 ) have prompted imaginative and challenging proposals for the long-term population management of the entire zebra subspecies (Moodley & Harley 2005; Watson & Chadwick 2007; Smith et al. 2008) .
A previous study investigated and described fibroblastic growths similar to equine sarcoids ( Fig. 1 ) from two Cape mountain zebra populations in Bontebok National Park (BNP) and Gariep Dam Nature Reserve (GDNR), with 53% of BNP and 22% of GDNR Cape mountain zebras reported to be visibly diseased (Nel et al. 2006; Marais et al. 2007) . A review of the epidemiology, virology and genetics of sarcoid tumours and history of inbreeding in BNP and GDNR populations (Sasidharan 2006 ) and confirmation of the presence of Bovine papilloma virus (BPV) detected from tumour (van Dyk et al. 2004 ) and blood (van Dyk et al. 2009 ) samples taken from affected zebras have added to the comprehensive histopathological and genetic evidence on the involvement of BPV in the pathogenesis of tumours in South African Cape mountain zebras.
Appearance of fibropapillomatous growths have been documented in various species (Schulman et al. 2001; Schulman et al. 2003) , extensively studied within the Equidae (Reid et al. 1994; Chambers et al. 2003 ) and correlated to genetic factors (Marti et al. 1993; Lazary et al. 1994) . The emergence of papillomavirus-induced disease is associated with lowered immunity and presence of environmental or genetic cofactors (Campo 2003) . Ragland et al. (1966) reported an outbreak of sarcoids in horses (Equus ferus caballus) and noted a familial pattern in the epizootic, with affected animals originating from a highly inbred family. In Equidae, the expression of unknown autosomal, dominant gene/s with incomplete penetration is suspected to contribute to the predisposition of horses to sarcoids and virus activation (Meredith et al. 1986) . Specific immune system genes are down-regulated by papillomavirus in the equine final host (Ashrafi et al. 2006; Yuan et al. 2008) . Genetic susceptibility to papillomavirus has been documented in rabbits (Favre et al. 1997) , humans (Lowy 2001 ) and other animals (Kidney et al. 2001; Tachezy et al. 2002) .
Inbreeding has been correlated to disease susceptibility in cheetahs (Acinonyx jubatus; O'Brien & Yukhi 1999), California sea lions (Zalophus californianus; Acevedo-Whitehouse et al. 2003) and humans (Rudan et al. 2003) . Increased parental similarity has been correlated to higher internal parasite loads in Soay sheep (Ovis aries; Coltman et al. 1999) , decreased birth weight, juvenile survival (Coulson et al. 1998 ) and lowered adult reproductive success in red deer (Cervus elaphus; Slate et al. 2000) and increased mortality in harbour seals (Phoca vitulina; Coltman et al. 1998) . Inbreeding also increases mortality from parasitism and extreme climatic variation (Keller et al. 1994; Coltman et al. 1999; Kalinowski et al. 2000) .
The tumour-affected zebras in BNP originated from the MZNP population and those in GDNR were from a breeding nucleus of six Cape mountain zebras that were translocated from the Cradock area near MZNP. Additions to these two populations came from the KNP or MZNP. The KNP was itself established in 1978 by introduction of zebras from MZNP. It is among the few seeded populations where a high population growth has been recorded (Novellie et al. 2002) . The Karoo Nature Reserve (KNR) was seeded with 20 animals from MZNP in 1981 and has also exhibited a good population growth to reach a total of over 120 animals. Mountain zebras in Namibia did not go through a period of population reduction and demographic bottleneck as did the Cape mountain zebras (Moodley & Harley 2005) , with populations estimated to be between 20 000 and 30 000, maintained in state-protected areas, conservancies in communal land, private farmland and other state-owned land (Novellie et al. 2002) . The genetic structuring and population genetic parameters within Namibian Hartmann's mountain zebra have been reported earlier (Moodley & Harley 2005) , with two main groups detected.
In general, high inbreeding levels have been correlated to greater disease susceptibility, low survivorship and higher parasitism, decreased birth weight and juvenile survival, and lowered adult reproductive success (Frankham et al. 2002; Allendorf & Luikart 2007) . In this study, samples from four Cape mountain zebra populations, including two non-affected and two tumour-affected populations, were genotyped and compared along with Namibian Hartmann's mountain zebra populations. With a wealth of information correlating genetic susceptibility and inbreeding to the appearance of papillomaviral and specifically BPV-related diseases, this study aimed to compare population genetic parameters between the different mountain zebra populations and investigate if the apparent loss of fitness in the tumouraffected populations is related to lack of genetic diversity.
METHODS
The mountain zebras from Namibia (n = 84) originated from populations in and around Gamsberg, Auasberg, Omaruru, Naukluft, Kamanjab District (north) and Khomas Hochland areas in Namibia (Fig. 2) and were collected as part of another study (Moodley & Harley 2005) . South African Cape mountain zebra samples from BNP (n = 12), GDNR (n = 17), KNP (n = 12) and KNR (n = 12) were collected after immobilization and 10 ml blood was collected from the jugular vein in barcode-labelled EDTA BD Vacutainer™ tubes. DNA was extracted from blood samples by a standard protocol (Sambrook et al. 1989) .
Forward primers for 16 domestic horse microsatellite primers were end-labelled and assigned to three multiplex panels, with the primer concentrations and PCR profiles as previously described . Electrophoresis on the PCR products was carried out in an ABI PRISM 310 Genetic Analyser (Applied Biosystems, Foster City, CA). Allele assignments were done using the ABI PRISM 310 Collection Software application (version 3.0.0; Applied Biosystems, Foster City, CA) and STRand software (version 2.2.224; Board of Regents, University of California, Davis).
A selection of random samples (n = 10) were re-extracted and amplified to confirm typing quality. Amplification and consistency of PCR products were checked using Microsatellite Toolkit (Park 2001) . Estimates of the frequency of null alleles were determined by an iterative algorithm based on the observed and expected frequencies of homozygotes implemented in CERVUS 3.0 . Observed (H O ) and expected mean heterozygosities (H E ), polymorphic information content (PIC) and average number of alleles for each microsatellite loci were calculated using CERVUS 3.0.
Internal relatedness (IR), a measure of heterozygosity that uses allele frequencies to weight scores according to the alleles in the genotype (Amos et al. 2001 ) and homozygosity by loci (HL), a measure that weights the contribution of each locus to the homozygosity value depending on their allelic variability (Aparicio et al. 2006) , were used to compare diversity between tumouraffected and non-affected populations. HL weights informative loci more in relation with their allelic variability instead of weighting by allele frequencies and removes the problem with IR where it underestimates heterozygosity of individuals carrying rare alleles (Aparicio et al. 2006; Ortego et al. 2007 ). The significance between populations was tested using a t-test.
Hardy-Weinberg equilibrium of genotypes within populations was tested using GENEPOP (Version 3.3) package (Raymond & Rousset 1995) . A Markov chain method was used to calculate exact probabilities, to estimate without bias, the exact P-value (at 1000 dememorization steps, 1000 batches and 10 000 iterations per batch). The significance of resulting P-values from multiple tests was assessed using sequential Bonferroni correction. Two groupings, the pooled Cape mountain zebra and Hartmann's mountain zebra populations, were analysed for heterozygote deficit or excess and Hardy-Weinberg exact tests were then carried out with similar Markov chain parameters for all tests. Genotype disequilibrium was tested using Markov chain and Fisher's exact procedures by GENEPOP software. The settings for the exact probabilities were 5000 dememorization steps, 1000 batches and 10 000 iterations per batch. Within population inbreeding statistic (F IS ) for each locus were calculated using FSTAT (Version 2.9.3.2) software (Goudet 1995) and permutation tests with sequential Bonferroni procedure determined the significance levels and values were obtained by jackknifing over loci. Overall F-statistic values were calculated for the following population groupings: Group A consisting of pooled samples from the two sarcoid affected populations, Group B consisting of tumour-free Cape mountain zebra populations and Group C, the pooled sample of Hartmann's zebras. Wright's Fst (θ) (Weir & Cockerham 1984) and 95% confidence intervals of θ were calculated by bootstrapping (1000 replicates). ARLEQUIN (version 3) (Excoffier et al. 2005 ) was used to estimate exact tests of population differentiation (10 000 Markov chain and 5000 dememorization steps). P-values were calculated and compared with the significance level set at 0.05. A hierarchical F ST analysis was carried out using analysis of molecular variance (AMOVA), in order to estimate population structure at different levels of the specified hierarchy. Differentiation was analysed between tumour-affected and nonaffected Cape mountain zebra subpopulations. The null hypothesis of no differentiation at the corresponding level was tested at 20 000 permutations.
We also studied population structure using Bayesian clustering, a technique better suited for analysing genetic data by detecting subtle signals of linkage and Hardy Weinberg disequilibrium to group individuals into genetically distinct clusters (Corander et al. 2003; Beaumont & Rannala 2004; Latch et al. 2006; Vaha & Primmer 2006) . The software STRUCTURE (Pritchard et al. 2000) was used, with no assumptions made on prior knowledge of the population structure. Since the Cape mountain zebras investigated were originating from a narrow Cradock-derived founder stock, we used a model with correlated allele frequencies (admixture allowed) and no prior population information. A series of 10 independent runs of the Gibbs sampler was done for values of K (representing the number of populations) between 1 and 8, with 1 000 000 iterations following a burn-in period of 100 000 iterations. Estimates of P(X IK) over the different runs were compared and checked for consistency across runs and parameters reaching equilibrium before end of burn-in. To derive the best estimate for K, the measure ΔK (Evanno et al. 2005 ) was used to avoid bias. The value ΔK is derived as the second order rate of change of ln[Pr(X |K)] with respect to K, and provides a reliable estimator for the uppermost hierarchical level of structure (Waples & Gaggiotti 2006) . Delta K statistic is useful in cases where the probability value given by STRUCTURE increases roughly asymptotically. The estimate was obtained by the following calculation on a spreadsheet: 
RESULTS
DNA deterioration was noted in samples collected from field specimens originating from KNP and KNR, contributing to the non-amplification, high rate of typing failure and deficit of heterozygotes for five microsatellites. As a result, five microsatellites, (ASB2, HMS42, LEX52, LEX64 and UMO11) were not used for subsequent comparative analysis between Cape mountain zebra populations. LEX33 failed to amplify in all Hartmann's mountain zebras tested, possibly due to primer mutation in the subspecies. LEX3 is sex-linked in the horse (Chowdhary et al. 2003) and although its chromosomal location is yet to be determined in zebras, our data indicates it might be sex-linked in mountain zebras and was subsequently excluded. Hence, nine microsatellites were used for all comparative analyses that included the two populations, KNP and KNR.
In Cape mountain zebra, three microsatellite loci (AHT5, HTG10 and HTB4) indicated rejection of the null hypothesis of random association of alleles (Hardy-Weinberg equilibrium). In Hartmann's mountain zebras, P-values indicative of deviation from Hardy-Weinberg equilibrium after multiple tests were detected for HMS3, HMS6 and HTG4. Taking all possible locus pairs into account across all populations, genotypic disequilibrium calculations indicated significant linkage between two locus pairs, AHT4 and AHT5 (χ 2 = 33.54, d.f. = 10, P = 0.00022) and ASB23 and HTG10 (χ 2 = 34.83, d.f. = 6, P = 0.0000).
Significant heterozygote deficit was observed for two loci, AHT5 and HTG4, among the Cape mountain zebra populations analysed.
The number of alleles detected and expected heterozygosities for all the microsatellites used in this study is listed in Table 1 . Sarcoid tumouraffected populations had the lowest mean number of alleles as a group (Fig. 3) and populations (Fig. 4) but were not significantly different when compared with tumour-free Cape mountain zebra populations. However, the differences in means of diversity values, including expected mean heterozygosities (H E ), internal relatedness (IR) and homozygosity by loci (HL) were in the direction expected if higher heterozygosity increases resistance to disease development (Table 2) . Expected heterozygosity levels reported from four other Cape mountain zebra populations (Moodley & Harley 2005) were much lower, varying from 0.28 to 0.38, possibly reflecting differences in marker selection and methodology. Mean H E for the Hartmann's mountain zebra subspecies was 0.609 and revealed a three-fold increase in mean alleles per loci compared to Cape mountain zebra. High heterozygosity levels are common amongst feral populations of equids. In donkeys (Equus africanus asinus), the average H E varies from 0.623 (Bellone et al. 1998) , 0.712 (Jordana et al. 2001) to 0.70 (Ivankovic et al. 2002) . Heterozygosity levels ranging from 0.519 to 0.795 were reported for plains zebra populations (Moodley 2002 ).
Wright's F IS statistic for each locus was measured and ' within population' inbreeding values for individual populations were obtained using nine microsatellites (Table 3) . Genetic substructuring in Cape mountain zebras, when analysed through a pair-wise analysis of different populations, by the 'within population' inbreeding estimate (f = F IS ), indicated an overall deficit of heterozygotes in the affected and non-affected Cape mountain zebra populations (Table 4 ). The required level of significance was only reached in the Hartmann's mountain zebra. Total inbreeding estimates (F IT ) for Hartmann's mountain zebras (0.181) indicated a relatively outbred population. The hierarchical F ST analysis carried out using AMOVA revealed a higher level of differentiation between tumour affected and non-affected Cape mountain zebras, than among all the Cape mountain zebra populations and within single populations; 0.2787 vs 0.1202, and 0.1801, respectively.
Results from the Bayesian clustering approach mirrored AMOVA results in giving a clear differentiation between the historically distinct Hartmann's and Cape mountain zebra populations, with all Hartmann's mountain zebras clustering with high degree of probability (> 95%) to one putative population (data not shown). Analysis of the Cape mountain zebra populations alone revealed evidence for four populations (K = 4) obtainable from (Pr(X |K) (Fig. 5) . and two populations from the (ΔK) method used (Fig. 6 ). When Hartmann's mountain zebra was included in the clustering, distinction between the two tumour-free Cape mountain zebra populations (KNP and KNR) became less clear (data not shown). Four groups were distinguishable with STRUCTURE in proportions similar to actual populations of origin (Fig. 7) . Delta K method was consistent in revealing two clusters (Fig. 8) .
DISCUSSION
Attempting to demonstrate inbreeding depression in feral populations can be difficult (Slate et al. 2000) . However, inbreeding and its effects in populations have been well documented (Ralls et al. 1988; Lacy et al. 1993; Lacy 1997; Ives & Whitlock 2002; Charlesworth 2003) and correlations with disease susceptibility reported widely (Coltman et al. 1999; Acevedo-Whitehouse et al. 2003; Altizer et al. 2003) . Positive correlations have been reported between heterozygosity and fitness parameters such as longevity, growth rates, fecundity, metabolic efficiency and overall developmental stability (Mitton 1978; Mitton & Grant 1984) and increased infant mortality, decreased litter size, infertility and susceptibility to disease (Wright 1978; Ralls et al. 1988; Falconer & Mackay 1996) . Comparing levels of average heterozygosity, mean number of alleles per loci, effective number of alleles, mean range of microsatellite repeats and microsatellite variance estimates between a population of interest and its free-ranging counterpart are useful to determine loss of genetic variation. The appearance of sarcoid tumours in equids has been correlated with specific genetic haplotypes (Chambers et al. 2003) with the involvement of BPV in the formation of sarcoid tumour in equids proven (Lohr et al. 2005; Brandt et al. 2008 ) and correlated with down-regulation of immune system genes (Ashrafi et al. 2006; Yuan et al. 2008) . The only previous epizootic of sarcoid tumour reported was in horses, with four of the five affected individuals being members of a highly inbred herd (Ragland et al. 1966 ). This study revealed that among the four Cape mountain zebra populations investigated, the mean number of alleles, expected heterozygosity values, allele richness and gene diversities were lowest and mean HL and IR values were highest in the diseased populations (BNP and GDNR). Although none of the parameters were significant at P = 0.05, the means were in the direction expected if increasing levels of multilocus heterozygosity would be expected to increase disease resistance. Neutral genetic markers that detect levels of shared genes in a population, function on the theory that variations at these neutral loci reflect genome-wide heterozygosity at unlinked genes [general effect hypothesis] (Hansson & Westerberg 2002) .
Tests for heterozygote deficit indicated that there is low allele diversity for all microsatellites analysed within Cape mountain zebra populations and contributed to the observed deviations from Hardy-Weinberg equilibrium. The locus pairs (AHT4-AHT5 and ASB23-HTG10) were found to exhibit significant linkage among all the possible locus pairs at a global level. Of these alleles, AHT4 also showed a significant heterozygote deficit in all Cape mountain zebra populations. Removing these loci for purposes of calculating inbreeding levels, however, did not change the values by any significant manner. Recent and sustained co-sanguinity is suspected to be the biggest contributor for the lack of diversity and male stallions maintaining multigenerational harems might have contributed to extreme drift in Cape mountain zebra populations. The fixation of private alleles has demonstrably contributed to the detectable differentiation between different Cape mountain zebra populations.
The results from AMOVA reflected extreme heterozygote deficiency among tumour-affected populations, possibly due to either a Wahlund effect caused by sampling functionally independent social reproductive harems that has confounded the interpretation of Wright's F IS (Storz et al. 2001) . The 'within population' inbreeding estimate (f = FIS) or value of deficit of heterozygotes. *P < 0.01, **P < 0.001, ***P < 0.0001
Bayesian clustering did enable differentiation between Hartmann's and Cape mountain zebra populations, with the majority of Hartmann's mountain zebras clustering with high degree of probability (> 95%) to one putative population. Differentiation between the Cape mountain zebra populations using STRUCTURE alone revealed evidence for four populations whereas only two populations were derived using Evanno's (ΔK) method used. Distinction between the two tumourfree Cape mountain zebra populations (KNP and KNR) was lost when Hartmann's mountain zebra was added and overall four groups were distinguishable, Gariep, Bontebok, KNP-KNR combined and the Hartmann's mountain zebras. The Delta K statistic again identified the number of clusters as two, reflecting the true genetic differentiation between Hartmann's mountain zebras and Cape mountain zebras. The genetic distinction between KNP and KNR needs to be further investigated with more markers and samples included in future studies.
The presence of a reproductive substructure may well have accelerated the genetic drift, possibly driven by stallions maintaining multigenerational harems (Penzhorn 1979) . Both the tumouraffected populations have been recorded have extreme founder effects, with few stallions siring the majority of the foals and the other males forming bachelor herds and not contributing to the gene pool (Marais et al. 2003; Marais 2006; Nel 2007) . The relatively successful establishment and thriving of the KNP and KNR zebras (Novellie et al. 2002) , has in all probability, reduced founder effects in these populations. The significant population differentiation between two tumour- affected populations and non-affected might be a consequence of the combined action of extreme founder effects and persistence of private alleles.
This investigation revealed that the two diseased populations have the least genetic variation of the four Cape mountain zebra populations and significant structure exists between subpopulations. It could thus be demonstrated that Cape mountain zebras, after surviving a historically documented genetic bottleneck (Bigalke 1952) , have, when compared to free-ranging Hartmann's mountain zebras in Namibia, very little genetic variation left. The tumour-free populations and other Cape mountain zebra populations appear to be lacking in diversity on a similar scale (Moodley & Harley 2005) and could be at risk for developing tumours. Development of sarcoid tumour in equids is triggered by a virus-induced cascade of transcriptional changes leading to immunological failure, lack of apoptosis, increased cell motility and invasion, events that potentially involve over 50 genes (Yuan et al. 2008) . The multigenic nature of tumour formation increases the possibility that neutral loci are in linkage with genes influencing fibroblast proliferation and tumour development (local effect). Even though this study did not reveal any conclusive evidence for local effect, the direction of variables were in the direction of an expected correlation between multilocus heterozygosity (including HL and IR) measured at neutral markers and the heterozygosity of genes influencing fibroblast proliferation under identity disequilibrium (general effect). In isolated Cape mountain zebra populations such as the tumour-affected ones, genetic drift and fixation of alleles might be a common complication, where conditions are not conducive for natural inbreeding-avoidance behaviours and where the inherent social behaviour of Cape mountain zebras accelerates the process of substructuring by maintaining multigenerational harems. Stripe-pattern recognition mechanisms and other natural adaptations are possibly less functional under intensively managed and artificially fenced-in conditions (Penzhorn & Novellie 1991) . Disrupting harems by removing older stallions and translocating family units between isolated Cape mountain zebra populations is a viable strategy to rapidly increase diversity levels. The tumour-affected populations also offer a unique opportunity to use population-wide gene expression profiling as a screening tool to identify candidate genes implicated in this disease. 
